Stromboli is known for its persistent degassing and rhythmic strombolian activity occasionally punctuated by paroxysmal eruptions. The basaltic pumice and scoria emitted during paroxysms and strombolian activity, respectively, differ in their textures, crystal contents and glass matrix compositions, which testify to distinct conditions of crystallization, degassing and magma ascent. We present here an extensive dataset on major elements and volatiles (CO 2 , H 2 O, S and Cl) in olivine-hosted melt inclusions and embayments from pyroclasts emplaced during explosive eruptions of variable magnitude. Magma saturation pressures were assessed from the dissolved amounts of H 2 O and CO 2 taking into account the melt composition evolution. Both pressures and melt inclusion compositions indicate that (1) Ca-basaltic melts entrapped in high-Mg olivines (Fo 89^90 ) generate Stromboli basalts through crystal fractionation, and (2) the Stromboli plumbing system can be imaged as a succession of magma ponding zones connected by dikes. The 7^10 km interval, where magmas are stored and differentiate, is periodically recharged by new magma batches, possibly ranging from Ca-basalts to basalts, with a CO 2 -rich gas phase.These deep recharges promote the formation of bubbly basalt blobs, which are able to intrude the shallow plumbing system (2^4 km), where CO 2 gas fluxing enhances H 2 O loss, crystallization and generation of crystal-rich, dense, degassed magma. Chlorine partitioning into the H 2 O^CO 2 -bearing gas phase accounts for its efficient degassing (!69%) under the open-system conditions of strombolian activity. Paroxysms, however, are generated through predominantly closed-system ascent of basaltic magma batches from the deep storage zone. In this situation crystallization is negligible and sulfur exsolution starts at 170 MPa. Chlorine remains dissolved in the melt until lower pressures, only 16% being lost upon eruption. Finally, we propose a continuum in explosive eruption energy, from strombolian activity to large paroxysmal events, ultimately controlled by variable pressurization of the deep feeding system associated with magma and gas recharges.
I N T RO D UC T I O N
The dynamics of magma ascent and degassing strongly control the explosivity of basaltic magma eruptions, magma fragmentation, texture and dispersion of products. Slow magma ascent and pure open-system degassing or outgassing have been associated with low-intensity strombolian activity because of differential transfer of coalescing gas bubbles (e.g. Wilson & Head,1981) or bubble accumulation, foam collapse and gas pocket (slug) migration upwards in the conduits (e.g. Jaupart & Vergniolle, 1988) . At the opposite end of the spectrum, high-intensity explosive activity is expected to result from rapid magma decompression and ascent during which the melt remains in equilibrium with its coexisting gas phase and the mixture (gas þ melt) expands as a closed system (Cashman, 2004) . Actually, the notion of closed-system degassing may be ambiguous. It was recently proposed that basaltic magmas may be fluxed by CO 2 -rich bubbles of deep derivation during their ponding or storage at crustal depths, a process that may enhance magma dehydration (Spilliaert et al., 2006; Johnson et al., 2008; Collins et al., 2009) . This process is supported by the high CO 2 flux at basaltic volcanoes and ultimately should influence the crystallization path of magmas (for a review, see Me¤ trich & Wallace, 2008) .
In the Aeolian island arc (Fig. 1 ), Stromboli represents a suitable target volcano to address the question of the relationship between the eruptive dynamics and conditions of magma ascent and crystallization with a focus on the specific role of the CO 2 -rich gas phase. Stromboli is famous for its rhythmic strombolian activity, which has persisted over 1800 years (Rosi et al., 2000) and is thought to be driven by differential transfer of gas slugs (e.g. Chouet et al., 1974; Jaupart & Vergniolle, 1988; Allard et al., 1994; Burton et al., 2007a) . Moreover, Stromboli is well known for its large persistent degassing (e.g. Francis et al., 1993; Allard et al., 1994) , which contributes to !95% of the bulk discharge of SO 2 (on average 250 AE 50 t/day), a relatively high CO 2 flux (on average 1·4 Â10 3 t/day) and low magma extrusion rate (Allard et al., 2008) . Besides the dominant low-intensity explosive activity, more energetic explosive episodes, so-called paroxysms, have periodically occurred since the beginning of the present-day activity (Rosi et al., 2000) . Paroxysms are impulsive, short-lived events consisting of a sequence of blasts from different craters. The higher magma discharge rate during paroxysms, relative to normal strombolian activity, results in the emission of variable volumes of pumice (from $10 3 to $10 5 m 3 ; Bertagnini et al., 2003) . As documented by Rittmann (1931) , the most energetic and hazardous explosive events (large-scale paroxysms) generate convective plumes up to !10 km high and the largest tephra volumes. Pumice fallouts spread over the sea, pumice bombs and meter-sized fluidal spatters coat the northern and the western volcano flanks, and meter-sized ballistic blocks are launched a distance of up to 2 km. During the last two centuries only 25 large paroxysms have been documented (Barberi et al., 1993) . During small-scale events (e.g. in August 1998 and 1999) , both the volume and dispersion of the products are smaller. Decimeter-sized blocks and bombs are confined within a few hundred meters from the craters and small transient convective columns produce sparse fallout of light pumice lapilli on the volcano slopes. In the last 15 years, about 24 well-documented paroxysms have occurred and are classified as small-scale paroxysms (Bertagnini et al., 2008) The petrology and mineralogy of basalts of the last $1800 years have been widely described (Francalanci et al., 1999 (Francalanci et al., , 2004 (Francalanci et al., , 2005 Me¤ trich et al., 2001; Bertagnini et al., 2003 Bertagnini et al., , 2008 Landi et al., 2004 Landi et al., , 2006 . The basaltic magmas emitted during strombolian activity, lava flow episodes, and paroxysmal eruptions have closely similar bulk compositions in major elements, irrespective of the amounts of crystals. The crystal-rich basalt emitted as dense, black scoria during strombolian activity and as lava flowsçthe so-called high porphyritic (HP) magma or basalt (Francalanci et al., 2004) çis partially degassed and highly viscous (!10 4 Pa s). It contains on average 45^55 vol. % of plagioclase, clinopyroxene, and olivine in equilibrium with a shoshonitic (SiO 2 $52 wt %) residual melt. On the other hand, the crystal-poor basalt erupted as 'golden' highly vesicular pumice during paroxysmsç so-called low porphyritic (LP) magma or basalt (Francalanci et al., 2004) çis rich in dissolved volatiles (43 wt %) and has a low viscosity (7^15 Pa s; Me¤ trich et al., 2001; Pichavant et al., 2009) . Because of their low content of crystals (55 vol. % of olivine and clinopyroxene), the glassy matrices of the pumices are basaltic, as are the bulk-rocks. During paroxysmal eruptions, the HP and LP magmas mingle in the upper parts of the volcano plumbing system (Bonaccorso et al., 1996; Bertagnini et al., 1999) . Both mineralogical and melt inclusion studies have suggested a rather distinct transition between the deepderived, volatile-rich LP magma and the shallow HP magma. Such a process would require a mechanism allowing very efficient water degassing and a high crystallization rate. This study aims to elucidate the conditions of magma ascent, crystallization and degassing as a function of the eruptive dynamics, with emphasis on the possible effect of CO 2 fluxing on magma dehydration, the transition between the LP and HP magmas, and the bulk degassing budget of the volcano. Melt inclusion volatile and major element concentrations have previously failed to provide a comprehensive constraint on the conditions of magma degassing at Stromboli because of the small size of the inclusions and their hosts. To overcome this limitation and fulfill our objectives we adopted new strategies of analysis and sampling. In particular, we have developed the micro-Raman analysis of water in basaltic glasses, which has been proved to be efficient and accurate (Di Muro et al., 2006; Mercier et al., 2009) . The new analyses of water ($80) were then combined with measurements of C, S and Cl in melt inclusions and embayments, using nuclear and electron microprobes. The selected samples are representative of the entire range of paroxysmal events, from large-scale paroxysms to the intermediate (15 March 2007) and small-scale (23 August 1998) events. Moreover, we have complemented our previous dataset on the shallow degassed magma. Combining the new and previous data on the major element geochemistry of melt inclusions and the pressure-related behavior of volatiles (CO 2 , H 2 O, S, Cl) provides strong constraints on the conditions of magma storage, crystallization, degassing and eruption at Stromboli.
E RU P T I V E P RO D UC T S A N D S A M P L E S E L E C T I O N Pumice Large-scale paroxysms
We sampled the eruptive products of two of the most recent large-scale paroxysms (ST127 and ST531; Fig. 1 ). Sample ST127 is made up of centimeter-to decimeter-sized pumice bombs recovered at 540 m above sea level (a.s.l.) on the NE volcano flank (38·797778N, 15·2199948E). This area is regarded as the source region of one of the hot avalanches generated during the 1930 paroxysm by the sliding of the fall deposit accumulated on the steep sandy slopes of the volcano (Rittmann, 1931) . On the basis of its stratigraphic position, we tentatively correlate this sample to the 1930 eruption. The ST531 pumice was sampled in an $30 cm thick deposit emplaced by a paroxysmal event at 550 m a.s.l. along the path to the summit on the east flank of the Sciara del Fuoco (38·8000858N, 15·2158278E) . The deposit comprises an incipiently welded spatter layer, consisting of decimeter-sized pumice and scoria bombs, overlying a 5 cm thick, coarse ash and fine lapilli basal layer. Paleomagnetic data indicate for this paroxysmal event an age between the 15th and 17th century AD (Speranza et al., 2004) .
In addition we acquired new data on a previously described pumice sample (sample ST82) (Me¤ trich et al., 2001 ) in which we discovered high-Mg olivines in the ¼^½ mm fraction that led us to update our dataset on the most primitive melts. These pumice clasts were collected in a 1cm thick tephra layer encountered at a depth of 1·50 m in a stratigraphic trench dug at nearly 500 m a.s.l. on the NE flank of the volcano (38·7955408N, 15·2238668E; Trench 2 of Rosi et al., 2000) .
Intermediate-scale paroxysms
The 15 March 2007 event occurred during an effusive crisis lasting from 27 February to 2 April 2007 and was well monitored (Barberi et al., 2009) . A short-lived convective column fed the fallout of ash and pumice lapilli on the volcano slopes as far as the sea, and meter-sized blocks were ejected to a distance of 1·5 km from the craters. We focus here on pumice lapilli floating on the sea offshore Punta Lena ( Fig. 1 ) that were collected by T. Caltabiano (INGV, Catania) immediately after the paroxysm. These samples have provided the opportunity to obtain a complete dataset on olivine-hosted melt inclusions for this type of explosive event that greatly complements our previous results obtained on pumices from the 5 April 2003 paroxysm (Me¤ trich et al., 2005) .
Small-scale paroxysms
The 23 August 1998 explosive event generated a 1-km-high convective column, lasting a few seconds, and produced a shower of spongy and fibrous lapilli on the ESE slope and the fallout of spatter and bombs in the summit area (Bertagnini et al., 1999) . The multi-clast sample (ST130), collected at a distance of a few hundred meters from the active craters ( Fig. 1) , is formed of pumice bombs and fibrous pumice lapilli.
Scoria samples
The selected samples represent the HP magma stored in the upper part of the plumbing system that was expelled during small-scale paroxysms of 23 August 1998 (ST133B) and 26 August 1999 (ST182, ST177). They were collected in the summit crater area and include two centimeter-sized spatter clasts (ST133 and ST177) and highly vesicular scoriaceous bombs (ST182). These samples were analyzed to complement previously studied scoriae entrained during large paroxysms (i.e. ST82, Me¤ trich et al., 2001) to built up a comprehensive dataset on the HP basalt emitted during explosive events of variable energy.
A NA LY T I C A L P RO C E D U R E S
Olivine and clinopyroxene crystals were hand-picked under a binocular microscope from the 0·25^1mm size fraction of gently crushed scoria and pumice. The mineral phases were embedded in epoxy resin, and polished to expose their glass inclusions.
Major element concentrations of melt inclusions were measured using an SX50 CAMECA electron probe (Camparis, Jussieu, France), with a 10 nA defocused beam and a counting time varying from 10 to 25 s. Concentrations of minor elements (S, Cl, P) were determined using a 30 nA defocused beam and long counting time on peak (120 s). We took into account the Ka wavelength shift of sulfur. Accuracy and precision of the S, Cl and P analyses were checked on reference glasses (basalts AlV981R23 and Vg2, pantellerite KE12) as previously described (Me¤ trich et al., 2001) . Composition profiles in olivine were measured at 30 kV acceleration potential, with a 300 nA focused beam, and 120 s counting time for Ca, Mn, P and Ni. Olivines were also analyzed and mapped with a Philips XL30 scanning electron microscope equipped with EDAX DX 4 (Dpt Scienze della Terra, Pisa, Italy).
Carbon concentrations were determined with the Laboratoire Pierre Su« e nuclear microprobe (Saclay, France), using the 12 C(d, p) 13 C nuclear reaction. Analyses were made in the scanning mode, with a 5 mm beam. The integrated charge varied from 2 to 1·5 mC, implying a minimum detection limit between 60 and 70 ppm of CO 2 , respectively. Carbon concentrations were calibrated against a scapolite standard (6800 ppm C) and a water-bearing Etna basaltic glass (EtII-1) containing 300 AE 30 ppm C (Spilliaert et al., 2006) . The latter glass concentration is reproduced with 10% precision.
Micro-Raman spectroscopic analyses performed on glasses (glass inclusions, embayments, glassy matrices) from Stromboli allow us to check for the possible occurrence of micro-crystallization and quantify the total amount of dissolved water (H 2 O þ OH). Analyses were carried out at Laboratoire Pierre Su« e (Saclay, France) using a Renishaw inVia instrument. The spectrometer is fitted to a Leica microscope with a 100Â objective to excite and collect the signal from a very small area (about 1 mm in diameter). Analyses were performed at the sample surface in confocal mode. The excitation source was a green diode laser (532 nm) filtered to deliver a low power on the sample (c. 7 mW) during short counting times (5 100 s). The selected analytical conditions minimize scattering from the embedding medium and prevent sample heating and oxidation. External and internal analytical procedures (Di Muro et al., 2006) for the intensity of the H 2 O T band (3580 cm^1) and scaled intensity of the H 2 O T band to that of the silicate network (980 cm^1), respectively, were calibrated on a set of basaltic glass standards from Etna (H 2 O T ¼ 0·40^3·04 wt %). Reference glasses were previously characterized by Karl Fisher titration, Fourier transform IR (FTIR) and micro-Raman spectroscopy (Mercier et al., 2009) . Analyses affected by focusing errors were easily detected and corrected by cross comparison of the two procedures. Cubic baseline correction was applied before determination of band intensities. One to three analyses were performed for each inclusion and then averaged. Error propagated on the external calibration procedures ranges between 6 and 10% relative.
Pumice is produced exclusively during paroxysms (Bertagnini et al., 2008) . The LP pumice samples studied here carry euhedral crystals entrained from the shallow HP magma at the time of eruption and inherited crystals with patchy zoning that testify to successive events of dissolution and crystallization as commonly described in Stromboli pumice (e.g. Bertagnini et al., 2003; Francalanci et al., 2004) . We focus here on the few per cent (53^5%) of crystals that are euhedral or have dynamic crystallization textures, with melt inclusions preserved as glass upon cooling, as confirmed by micro-Raman spectroscopy. Tiny nuclei (5 1 mm) of Fe-oxides that were detected by the laser beam only in some clear glassy inclusions were related to nucleation upon cooling. Clinopyroxene, the dominant mineral phase in pumice, usually contains small and partly crystallized melt inclusions. Some of them were tentatively homogenized at 1150^11608C and 1 atm in a vertical furnace using Ar þ H 2 gas circulation, quenched in water, and analyzed. They systematically contain Fe-oxides and daughter crystals that make their compositions of questionable reliability. We thus interpret only well-preserved, glassy melt inclusions hosted in olivine. Representative compositions of olivines, melt inclusions, embayments, and matrix glasses are reported in Table 1 .
Pumice of large-scale paroxysms
Their olivine crystals span a limited range in composition from Fo 91^85 in the cores to Fo 90^84 in the rims. Olivine Fo 89^90 that coexists with diopside (Mg-number ¼ 0·91^0·92) is present in each of the three studied pumice samples (ST531, ST127, ST82). This substantiates the previous finding that high Mg-olivines are characteristic only of the large-scale paroxysms. These olivines are euhedral crystals, occasionally aggregated, in the 1^½ mm grain size of samples ST531 and ST127 (Fig. 2a) . In ST82 pumice, Fo 89^90 olivines are found in the ¼^½ mm grain-size fraction, as hoppershaped crystals (Fig. 2b ) that according to Donaldson (1976) are produced during dynamic crystallization at high undercooling and/or a combination of undercooling and isothermal crystallization (Kohut & Nielsen, 2004) . Observation of several crystals illustrates the textural and compositional evolution of olivine crystals during their growth. Initially, an internally hollow crystal (hopper olivine) forms with a magnesian composition Fo 89^90 (Fig. 2b) . Then, the central cavity becomes partially sealed by further growth of a less magnesian olivine that entrapped several melt/glass inclusions. The final texture of the crystal is that of a closed skeletal olivine (Fig.  2c) , with dendritic overgrowths on some crystals. Such an interpretation is critical because it accounts for the variable quantity of melt/glass confined in the center of many grains, and the apparent reverse zoning of some olivines ( Fig. 2b and c) .
In all high-Mg olivines (Fo 89^90 ) , the melt inclusions preserve primitive compositions of Ca-basalts with high CaO/Al 2 O 3 ratios (0·8^1·0) irrespective to their size (Fig. 3a) . These compositions are even more calcic than those commonly reported for the bulk pumice erupted at Stromboli (on average CaO/Al 2 O 3 ¼ 0·68 AE 0·02), apart from some rare exceptions (CaO/Al 2 O 3 ¼ 0·81, Pompilio et al., 2009) . A further important observation is that the residual glasses wrapping the crystals have preserved variable compositions with CaO/Al 2 O 3 ratio up to 0·78 (Table 1) .
Less magnesian olivines (Fo 87^84 ) are commonly simple euhedral crystals that contain melt inclusions (Fig. 1d ) whose compositions (CaO/Al 2 O 3 50·80) resemble those of the bulk pumice and matrix glasses (Fig. 3a) . As a whole the olivine-hosted melt inclusions analyzed in samples (ST531, 127 and 82) from large-scale eruptions record a range of the CaO/Al 2 O 3 ratio (Fig. 3a) attributed to the predominant effect of clinopyroxene crystallization. The variability in the K 2 O/Na 2 O ratio suggests an additional process of mixing between magmas differing in their K 2 O contents, in agreement with previous finding . Inputs of slightly different magma batches in the Stromboli plumbing system have also been proposed on the basis of trace element geochemistry and Sr isotopes (Francalanci et al., 1999 (Francalanci et al., , 2005 .
The total volatile content (CO 2 þ H 2 O þ S þ Cl) in fully enclosed inclusions is 43 wt %, with H 2 O varying from 2·9 to 2·3 wt % (one value at 3·5 wt %) and the H 2 O/K 2 O ratio ranging from 2·2 to 1·6 (Fig. 3b) . Their CO 2 concentrations decline from 2260 to $1100 ppm, with the highest value found in a 40 mm melt inclusion, with one small bubble, in a 250 mm olivine of Fo 90 (Electronic Appendix 1, available for downloading at http://www.petrology.oxfordjournals.org).
Interestingly, the S/Cl ratio averages 1·2^1·1 AE 0·1, whereas the S and Cl concentrations decline, respectively, from 2510 to 1600 and from 2060 to 1610 ppm (Fig. 4a^c) . Such a feature can hardly be explained by fractional crystallization alone. Partial exsolution of sulfur into the vapor phase can occur at high pressure while Ca-clinopyroxene is crystallizing. Actually, the solubility of sulfur dissolved as sulfate species possibly decreases as the melt becomes less calcic, as previously discussed for Stromboli . However, the contemporaneous decline of the S and Cl amounts dissolved in the basaltic melt led to a suggestion of additional processes. We propose that the S and Cl evolution (Fig. 4c) is best accounted for by both high-pressure partial exsolution of sulfur and mixing between magmas slightly differing in their initial S and Cl concentrations rather than similar S and Cl partitioning in the vapor phase at high pressure.
The case of intermediate-scale eruptions
In the pumice erupted during the March 2007 paroxysm, olivine Fo 86^84 (Fig. 2e and f) coexists with clinopyroxene (Mg-number ¼ 0·88^0·84). Despite systematic investigation, high Mg-olivines (Fo 89^90 ) as described above have not been found. Clinopyroxene shows sector zoning. Olivine crystals display both skeletal morphologies and embayed structures. Skeletal olivines (Fig. 2e) and crystals with hollow cavities (Fig. 2f) were observed in the 1^¼ mm size fraction. We have focused on the former olivines that systematically host large (80^100 mm) curvilinear, fully enclosed melt inclusions with several bubbles, unsealed glass embayments and small size inclusions confined in their central part (Fig. 2e) . The olivine textures of these pumice samples are equivalent to those described above for large-scale paroxysms.
Major element compositions of large curvilinear melt inclusions resemble those of the glassy matrices and of their bulk-rocks (on average CaO/Al 2 O 3 ¼ 0·70; Fig. 3a) . Cooling was fast enough to occasionally preserve slight compositional gradients at the interface between olivine and glass. Analytical profiles of MgO measured in these inclusions reveal that the boundary layer extends for less than 10 mm and results in a maximum MgO decrease of $1wt % at the olivine contact (Table 1 ). The compositions of unsealed glass embayments plot in the same compositional domain, testifying to their formation during equilibrium olivine crystallization (Faure & Schiano, 2005) . Thus, inclusions and embayments share the same composition, their K 2 O/Na 2 O ratio clustering at $0·7 (Fig. 3a) . This implies that crystallization upon magma ascent was negligible, as confirmed by the scarcity of microlites in the groundmass.
We also verified the possible effects of a boundary layer on the melt inclusion compositions, owing to rapid crystal growth. In a few crystals we analyzed on average 10 inclusions per crystal (Electronic Appendix 2). The chemical profiles obtained on 50^60 mm inclusions in the central part of crystals reveal no systematic chemical variation (26e, 14a in Table 1 ). Additionally, no systematic chemical difference was found as a function of the melt inclusion size (Electronic Appendix 2). We did not observe significant enrichment in S with respect to Cl (S/Cl ¼1·2 against 1·1 AE0·1) as produced in experiments at high crystallization rates (Baker, 2008) . Only the smallest inclusions (20^25 mm) record boundary layer effects in having abnormally high concentrations in phosphorus (P 2 O 5 4 0·65 wt % up to 1·06 wt %, against 0·55 wt %), an element known for its slow diffusivity (Baker, 2008) .
The fully enclosed melt inclusions in the 15 March 2007 pumice preserve a high total volatile content (on average: H 2 O ¼ 2·7 AE 0·1wt %, except for one value at 3·8 wt %; CO 2 ¼1590 AE 90 ppm; S ¼1570 AE 80 ppm; Cl ¼1520 AE 50 ppm; Table 1 ). Their H 2 O/K 2 O ratios cluster at 1·7^2 (Fig. 3b) . Their averaged S/Cl ratio (1·0 AE 0·1; Fig. 4a To follow the behavior of each volatile species upon magma decompression we have specifically analyzed some of the unsealed glass embayments (Fig. 5a^c) . These formed during olivine crystallization in the ponding zone and are commonly in contact with a large gas bubble (Fig. 5c ). Compositional profiles from the innermost part to the outer matrix glass evidence an overall decrease of H 2 O (from 2·9 to 0·6) and S (from 1550 to 170 ppm). The Cl concentration remains nearly constant (on average 1550 ppm); the lowest values measured in the outermost parts of embayments are equivalent to that of the matrix glass. Their major element composition, however, does not change significantly (Figs 3b and 4) in agreement with limited crystallization during magma ascent. We have not found diffusion profiles covering the whole range of volatile concentrations within one single embayment. As an example, the concentrations in H 2 O and CO 2 vary, respectively, from 2·5 to 1·7 wt % and from 1372 to 926 ppm in one embayment with a gas bubble at the outlet (ST150307A-19, Fig. 5a ). The lowest values have been found within the 10^20 mm boundary layer surrounding the gas bubble. Sulfur behaves similarly, and varies from 1360 to 1160 ppm. We infer that the decompression rate was high enough to prevent extensive diffusion of the volatiles into the gas bubble.
Pumice of small-scale paroxysms
One of the typical features of these pumice samples (ST130) is that olivine Fo 85^86·2 is extremely rare and occurs only in the 250 mm size fraction as nearly euhedral microcrysts (Fig. 2g) together with clinopyroxene (Mg-number ¼ 0·88). Olivine-hosted inclusions share the same CaO/Al 2 O 3 (0·70) and S/Cl (1·1) ratios with those measured in the March 2007 samples (Table 1) . Water was not analyzed in these rare inclusions. However, a high water content of $3 wt % is expected from the total oxide content of $96 wt % of the electron microprobe analyses (Table 1 ).
S C O R I A I S S U E D F RO M T H E S H A L L OW P L U M B I N G S Y S T E M : T E X T U R E S A N D C O M P O S I T I O N S O F O L I V I N E S A N D O F T H E I R I N C LU S I O N S
The HP basaltic scoriae contain on average 50 vol. % of plagioclase An 60^70 , clinopyroxene Fs 12^15 , and minor olivine Fo 70^73 (Francalanci et al., 2004 (Francalanci et al., , 2005 Landi et al., 2004 Landi et al., , 2006 Landi et al., , 2009 . Systematic compositional profiles were obtained for millimeter-sized olivines in scoria samples ST182, ST177 (August 1999) and ST 133 (August 1998). The analyzed crystals display homogeneous compositions with averaged Fo contents varying from 69·3 AE 0·2 to 70·4 AE 0·3 from one crystal to another one. These olivines contain solid inclusions of plagioclase An 67 (sample ST182-11; Table 1 ) that is typical of the HP basalt. Olivine commonly entraps small melt inclusions (20^40 mm), aligned along crystal growth directions (Fig. 2h) . These textural features were experimentally reproduced for closed hopper olivine crystals after successive cooling and reheating cycles (Faure & Schiano, 2004) . Despite its chemical homogeneity, olivine could have a complex crystallization history, as extensively documented for Stromboli plagioclase and pyroxene (Landi et al. 2004 (Landi et al. , 2006 Francalanci et al., 2004 Francalanci et al., , 2005 . The shoshonitic composition of the melt inclusions in Fo 69^70 olivine matches that of the typical glassy matrix of the scoria (Fig. 3a) Fig. 3b ) and S (80 ppm, at the detection limit) are low. The Cl content of the melt inclusions (on average 1200 ppm) is identical to that of the glassy matrix, as is their S/Cl ratio (Fig. 4a) . These features, commonly observed at Stromboli (e.g. 5 April 2003 sample, Table 1 ), indicate the exsolution of both S and Cl into the gas phase within the conduits. We emphasize that sulfide globules are uncommon in the inclusions, crystals and matrix glasses of the scoria. However, some olivines show a wider variability of compositions from Fo 71 to Fo 73^74·7 , as also reported in lava and scoria samples (Landi et al., 2006; Cigolini et al., 2008 Fig. 3b ) and S contents (800^1000 ppm). Their Cl concentrations vary from 2560 to 1500 ppm, with S/Cl (wt) ratios up to 0·6 (Fig. 4a) . We cannot exclude the possibility that the low H 2 O content (50·5 wt %) reported for some inclusions that still have $800 ppm of S was the result of re-equilibration of H 2 O with the surrounding degassed shoshonitic melt after their entrapment. Quenched immiscible sulfide liquid is commonly, but not systematically, present within melt inclusions in olivine Fo 71^73 . Sulfide globules have not been found in the host crystals themselves. There is no systematic relationship between the amount of S dissolved in the melt and the presence of sulfide globules. Finally, we emphasize that similar compositional ranges were also observed for melt inclusions and host olivines of the HP basalt entrained during large-scale eruptions (e.g. scoria ST82s; Me¤ trich et al., 2001).
M AG M A S AT U R AT I O N P R E S S U R E S
The minimum melt saturation pressure (P CO2 þ P H2O ) and gas phase composition (X CO2 , X H2O ) were derived from the dissolved amounts of H 2 O and CO 2 measured in melt inclusions, using the H 2 O^CO 2 solubility model of Papale (1999) , updated by Papale et al. (2006) . This model allows a better estimation of the effect of melt composition on the volatile solubility for calcic and calc-alkaline basalts (Moore, 2008) .
We have computed the total fluid pressure for each melt inclusion in Fo 90^85 , representative of both Ca-basaltic and LP basaltic melts (Table 1 and Electronic Appendix 1), for a temperature varying from 1200 to 11408C, according to Bertagnini et al. (2003) . The fO 2 was fixed at ÁNNO þ1, a value slightly higher than that estimated by Pichavant et al. (2009) but in accordance with the absence of dissolved sulfide species. The abbreviation NNO refers to the Ni^NiO oxygen buffer; ÁNNO ¼ (log 10 fO 2samplel og 10 fO 2NNO ). A difference of 0·5 log unit lowers the pressure by a few MPa in the range of interest. In pumice (ST82, ST531) erupted during large-scale paroxysms, the saturation pressures range from 280 to $190 MPa (Fig. 6) and are calculated for melt inclusions having variable compositions (CaO/Al 2 O 3 from 0·7 to 1). It should be noted that these pressures are possibly underestimated because of CO 2 diffusion in the melt inclusion bubbles upon cooling. The March 2007 basaltic melt recorded saturation pressures between 235 and 200 MPa, with an average value of 210 AE 20 MPa. The latter value, retrieved from fully enclosed, sealed inclusions, is considered representative of melt entrapment and olivine crystallization conditions in the storage zone. A careful examination of the dataset indicates that values 190 MPa are determined in unsealed glass embayments for which the pressure regularly decreases to $40 MPa (Fig. 6) .
The CO 2 solubility in shoshonitic melts in the 0^100 MPa pressure range is not known. Thus the saturation pressures calculated using the solubility model of Papale et al. (2006) must be considered with caution, all the more so because the computed CO 2 solubility is highly sensitive to the redox state. In the present study, calculations were made with total Fe as FeO. The calculated pressures vary from $90 to 520 MPa (Table 1 ; Electronic Appendix 1).
D I S C U S S I O N High-pressure magma crystallization
The highest melt saturation pressure (P H2O þP CO2 ) retrieved from Ca-rich melt inclusions is 280 MPa (Fig. 6 ), equivalent to a maximum 11km lithostatic depth, using an average crustal density of 2700 kg/m 3 . It is obvious that the pressures (depths) deduced from melt inclusions record those of olivine crystallization, whose textures indicate dynamic crystallization. This observation implies that the Ca-basalt magma batches rise from a deeper level, possibly from the base of the 17 km thick continental crust underlying Stromboli volcano (Panza et al., 2007) , where a low V p and V s volume was seismically detected and interpreted as due to ponded partial melt (Barberi et al., 2007) .
High-pressure equilibrium experiments have failed to reproduce the crystallization of olivine Fo 89^90 from a CaO-rich hydrous melt (H 2 O ! 3 wt %) in presence of a fluid phase, whereas diopsidic pyroxene is the liquidus phase (Di Carlo et al., 2006; Pichavant et al., 2009) . To clarify the olivine crystallization conditions we have computed the magma crystallization paths using the Adiabat thermodynamic model (Ghiorso & Sack, 1995; Asimow & Ghiorso, 1998; Smith & Asimow, 2005) . As starting conditions we used the average compositions of the Ca-basaltic melt inclusions (CaO/Al 2 O 3 ¼ 0·9^1·0; MgO $7·6 wt %), adjusted for post entrapment olivine crystallization, and an H 2 O concentration of 2·9^2·8 wt % (St82-133; ST81-11; Table 1 ). Simulations at 300 MPa indicate that clinopyroxene would be the only liquidus phase under moderately hydrous, low-CO 2 conditions as experimentally observed (Di Carlo et al., 2006; Pichavant et al., 2009) . Increasing the melt water concentration to 3·2^3·5 wt % does not induce major changes. Therefore, we computed the olivine^melt equilibrium by forcing olivine saturation (1% olivine added) because the MgO concentrations of the inclusions, after correction for olivine post-entrapment crystallization, could be underestimated to some extent. We found that olivine Fo 89·8^88·7 joins the liquidus phase with clinopyroxene (Mg-number ¼ 0·91^0·90) in equilibrium with a melt having $2·9 wt % of H 2 O, and $8·1wt % of MgO, between 300 and 250 MPa. These two phases start crystallizing at a temperature of 1190^11858C at ÁNNO þ1 (Table 2) , but the olivine amount remains low ( 1wt %) as observed in the natural products. Prediction of olivine saturation, melt MgO content and temperature of crystallization could be unreliable because the thermodynamic models do not treat the effect of CO 2 on phase equilibria and Ca activity. To test the validity of these calculations, we have calculated the theoretical value of the partitioning coefficient K Toplis (2005) . The measured and predicted K D values are consistent for the given temperatures and fO 2 ( Table 2) .
The melt inclusion compositions, olivine textures and Adiabat computations support the idea of deep recharge of gas and hydrous, Ca-basalt magma batches with 13^14 wt % CaO (CaO/Al 2 O 3 ¼ 0·9^1), during large-scale paroxysms. Ne-normative, calcic melts are not exclusive to Stromboli, and have previously been reported as melt inclusions hosted in high-Mg olivine at Vulcano , and bulk-rocks at Mt Etna (Kamenetsky et al., 2007) in Italy and, more broadly, at arc volcanoes (Schiano et al., 2000) . Calcic magmas may form by interaction between mantle-derived melts and clinopyroxene-or amphibole-bearing lithologies possibly at the mantleĉ rust interface (Schiano et al., 2000; Me¤ dard et al., 2006 Pressure (MPa) 
Clinopyroxene composition SiO 2 50·8 5 0 ·3 4 9 ·9 4 9 ·5 5 0 ·8
Bulk indicates bulk system (crystal þ liquid). ÁNNO ¼ [log 10 fO 2sample -log 10 fO 2(NNO) ], where NNO refers to the Ni-NiO oxygen buffer. Fo (Toplis, 2005) .
After magma injection into the deep ponding zone, olivine and clinopyroxene crystallization may be enhanced by different processes. Decompression, accounting for the microcryst textures in pumice produced during large-scale paroxysms, is one possibility. Another process involves thermal and chemical gradients that are able to promote crystallization; these develop at the interface between the uprising, hot Ca-basaltic melt and the basaltic magma residing at 7^10 km depth. The two magmas differ in their major element contents (CaO, MgO), their dissolved volatile amounts and temperature (ÁT ! 308C).
We also verified using Adiabat that hydrous Ca-basalts (H 2 O ¼ 2·9 wt %) are able to generate LP basalts by removal of 15^20 wt % of solids (Table 2) . Ca-basalts are regarded as the most likely parental magmas of the Stromboli products erupted during the last 1800 years. Hence, we cannot exclude the possibility that the ponding zone located between 7 and 10 km depth is fed by basaltic magma batches that originated from parental Ca-basalts through fractional crystallization at various crustal levels. Assuming that crystal fractionation is the dominant process that controls magma evolution, the dissolved amount of H 2 O in the melt is expected to increase. This feature is recorded only in a few melt inclusions (H 2 O43 wt %; Fig. 6 ) whereas the H 2 O content of the 15 March 2007 inclusions averages at 2·7 AE 0·1wt %. Hence, a non-negligible fraction of H 2 O could have been lost in the fluid phase at such high pressure (depth). Melt water depletion is possibly induced by increasing the X CO2 / X H2O ratio in the vapor phase coexisting with the melt, as discussed further below. Magma CO 2 fluxing is thought to possibly have a drastic effect on the water degassing path of basaltic magma (Spilliaert et al., 2006; Johnson et al., 2008; Me¤ trich & Wallace, 2008; Collins et al., 2009) . We propose that such a process is active in the deepest parts of Stromboli plumbing system.
Conditions of magma ascent during paroxysms
The conditions of magma ascent have been retrieved from the fully enclosed inclusions in olivine from large-and medium-scale explosive eruptions. We have computed the pressure-related evolution of H 2 O and CO 2 in a basaltic melt under closed-system ascent and decompression (CSAD) conditions, using Papale's updated model (Papale et al., 2006) . CSAD computations were performed assuming 3·5 wt% of H 2 O in the system and that the melt was coexisting with variable amounts of gas phase at $250 MPa. The CSAD curves without crystallization plotted in Fig. 7a show the pressure-related evolution of the H 2 O and CO 2 contents of the melt, with CO 2 ranging from 50·01 to 10 wt %. Our data cannot be fitted when considering no or a negligible fraction of gas phase in the system, which would produce a magma still containing a high dissolved H 2 O content at low pressure (curve 1; Fig. 7a) . A large part of our data points can be reproduced when considering decompression of an H 2 O-rich basaltic magma coexisting with 2·4 wt % of CO 2 -rich gas phase (curve 2), 490% of the CO 2 being exsolved in the vapor phase. This proportion of exsolved CO 2 is consistent with the initial CO 2 content of the Stromboli parental melt that was inferred from the melt inclusion S content and the time-averaged CO 2 /SO 2 ratio in the gas emissions (Allard et al., 2008) . A higher proportion of CO 2 (4 wt %) in the system was proposed by Scaillet & Pichavant (2005) close to our curve 3. Actually, the CSAD curves 2 and 3 bracket the H 2 O and CO 2 evolution recorded by melt inclusions from the pumice of five paroxysms. Altogether our results demonstrate quantitatively and for the first time that the LP basaltic magma that sustains the paroxysmal eruptions rises in equilibrium with its gas phase, under prevalently closed-system conditions, from the storage zone lying at $7^10 km depth, until close to the surface. More specifically, the volatile concentrations of the 15 March 2007 samples indicate that the magma rose with its gas from conditions of 210 AE 20 MPa (equivalent to 8 km in depth). CSAD conditions for gas-rich magma are fully consistent with the phenomenology commonly reported for paroxysms during which vertical jets of gas and pyroclasts develop to feed a convective column (e.g. 5 April 2003 eruption; Rosi et al., 2006) , related to increasing acceleration of the melt and gas mixture upon decompression and final magma fragmentation (e.g. Parfitt & Wilson, 1999) . On the other hand, the pumice matrices contain only scarce microlites and their major element compositions resemble that of the bulk rocks as previously observed for large-scale paroxysms and demonstrated for the 15 March 2007 pumice (Fig. 8) . Decompression, direct ascent, and eruption of LP basalt are fast enough to inhibit crystal nucleation. Such features exclude low-pressure stagnation of the ascending magma batch, which could have promoted H 2 O loss from the melt and crystallization.
Tracking the effects of CO 2 on magma dehydration and crystallization
The pressure-related behavior of H 2 O and CO 2 during magma ascent recorded by the unsealed glass embayments provides other information (Fig. 7a) . It reveals preferential melt depletion with respect to H 2 O that drives the data points on the left-hand side of curves 2 and 3. It is well illustrated by olivine embayments in contact with a gas bubble in the 15 March 2007 pumice (microphotograph in Fig. 5c ). Prevalent depletion of H 2 O relative to CO 2 could be expected during diffusion-controlled bubble growth, because of the slower diffusivity of CO 2 with respect to H 2 O (Watson, 1994) . Following this line of reasoning, sulfur, whose diffusivity resembles that of CO 2 in hydrous basaltic melt (H 2 O ¼ 3·5 wt %; Freda et al., 2005) , would be significantly enriched compared with H 2 O, as is Cl (Alletti et al., 2007) . This hypothesis is not verified, as we observed a coupled decrease of H 2 O and S whereas Cl concentrations remain nearly constant ( Fig. 5a and b) . Therefore, we have considered an alternative process during which the fluid^melt partitioning of volatile species is controlled by the proportion and the composition of the vapor phase coexisting with the basaltic melt at each decompression step. H 2 O concentrations 52·5 wt % at $100 MPa require up to 5^10 wt % of CO 2 in vapor phase (curves 3 and 4, Fig. 7a ). Preferential magma depletion in H 2 O by a CO 2 -fluxing process basically implies a high gas/melt ratio. Actually, evidence of heterogeneous trapping of melt and gas (variable gas bubble/melt ratio) during olivine growth was previously reported for the 5 April 2003 and historical pumices (Me¤ trich et al., 2001 (Me¤ trich et al., , 2005 Bertagnini et al., 2003) . Similar observations were also made for Etna samples in which magma dehydration by CO 2 -rich gas is best recorded in olivine-hosted melt inclusions showing a highly variable bubble/glass ratio (Spilliaert et al., 2006) . At Stromboli, the time-averaged CO 2 flux of 1·4 Â10 3 t/day coupled with a low magma extrusion rate has led to the idea that the contribution (continuous or discontinous) of streaming CO 2 -rich bubbles has a decisive influence on the crystallization path of the basaltic magma (Allard et al., 2008) . An important issue addressed here is thus the possible influence of CO 2 on the transition between the LP and HP basalts at Stromboli.
As illustrated in Fig. 7a , the basaltic melt still contains between $2 and 1wt % of dissolved H 2 O between 100 and 50 MPa, where it coexists with a high proportion of gas phase. The conditions are thus fulfilled for plagioclase crystallization (Landi et al., 2004) and extensive crystallization (H 2 O 1wt %; Di Carlo et al., 2006) when the LP magma is ponding in this pressure interval, in agreement with the few pressures determined for shoshonitic melt inclusions hosted in Fo 69^72 (Fig. 6) . We emphasize that no gradual change in the chemistry of minerals or bulk-rocks was observed in the HP basaltic magma, either erupted as scoria during normal strombolian activity and lava flows or entrained by the uprising magma during large-scale paroxysms (Me¤ trich et al., 2001; Bertagnini et al., 2003;  ; Table 1 ) using Papale's updated model (Papale et al., 2006) . The curves show the CO 2^H2 O evolution during closed-system ascent and decompression (CSAD) of magma without crystallization. The starting conditions are: 3·5 wt % of H 2 O and variable amounts of CO 2 in the bulk system: curve 1 for 0·25 wt % CO 2 ; curve 2 for 2·4 wt % CO 2 ; curves 3 and 4 for 5 and 10 wt % CO 2 , respectively. It should be noted that 90% of the CO 2 is exsolved into the gas phase at pressure 300 MPa, except in the former case (0·25 wt % CO 2 ). The data points for the melt inclusions are bracketed by curves 2 and 3, which track closed-system conditions of magma decompression and ascent. Deviation to the left-hand side of curves 2 and 3 indicates the preferential effect of CO 2 on magma dehydration, whereas data points that plot on the right-hand side suggest a higher initial H 2 O content in the melt. (b) Evolution of the gas phase composition (X CO2 in mole fraction) computed, using Papale's updated model (Papale et al., 2006) , with magma decompression, for total CO 2 contents of 2·4, 5 and 10 wt %, respectively. Symbols as in Fig. 6 . Francalanci et al., 2004 Francalanci et al., , 2005 Landi et al., 2004) . We propose that the HP magma is generated by the effective crystallization of bubbly (LP) basaltic magma blobs fluxed by a high proportion of CO 2 -rich gas (45 wt %) in the 4^2 km depth range (Figs 7 and 8) . Hence, CO 2 , by enhancing magma crystallization, indirectly affects the density and viscosity of the Stromboli basalts and more broadly those of water-rich magmas.
Sulfur and Cl degassing
By combining melt entrapment pressures, deduced from the H 2 O and CO 2 measurements and the S concentrations in melt inclusions, we have assessed the initial exsolution pressure of S during ascent of basaltic melt to be 170 MPa (Fig. 9a) . A high pressure of sulfur partitioning into a gas phase is in agreement with previous pressure estimates for water-rich, oxidized basaltic magmas (140 MPa) as observed at Mt Etna (Spilliaert et al., 2006) and other volcanoes (e.g. Irazu' ; Benjamin et al., 2007) . Therefore, a large proportion (475%) of the S is exsolved between 170 and 50 MPa (6^2 km) as its concentration in the melt declines from 1570 to $500 ppm. In the same pressure range, Cl exsolution is almost negligible (Fig. 9b) . The bulk degassing budget of these two volatile species is much more important, in particular for Cl, during steady-state activity (persistent degassing, strombolian activity). It achieves 99% and !69% for S and Cl, respectively, as deduced from the S and Cl concentrations in melt inclusions (in ppm, S ¼ 980 to 80; Cl ¼ $27002 900 to 1200) and glassy shoshonitic matrix (in ppm, S ¼ 80 AE 40; Cl ¼1200 AE 50), and the proportion of crystals (X c ¼1^f, where f ¼ K 2 O 0 /K 2 O ¼ 0·43) of the HP magma. The bulk loss of Cl calculated for typical strombolian activity at Stromboli is by far larger than that commonly reported at basaltic volcanoes (10^50%; Me¤ trich & Wallace, 2008) but most probably applies to open-conduit basaltic volcanoes producing H 2 O-rich basalts and exhibiting excessive degassing.
The common occurrence of sulfide immiscibility in shoshonitic melt inclusions suggests that the magma achieves or is close to sulfide saturation, whereas sulfur is mainly dissolved as sulfate in the water-rich magma . Transition from sulfate to sulfide speciation of sulfur in the melt requires a change in the redox conditions of the basaltic magma that is crystallizing and degassing in the 100^50 MPa range. To test this hypothesis we verified the olivine-melt equilibria. For the shoshonitic melt hosted in Fo 69·5 (ST182-11; (Fo 86 ) and a more oxidized melt (NNO between þ0·2 and þ1). Crystallization and degassing would drive the melt towards more reduced conditions while S (470%) is significantly fractionated into the gas phase, sulfide having a minor effect on the bulk S degassing. Sulfur is thus prevalently removed from the magma ponding between 4 and 2 km below the vents (Fig. 9a) . Such a feature is in agreement with the idea of a dominant recycling of degassed magma beneath the volcanic pile (2·8 km) (e.g. Francis et al., 1993; Allard et al., 1994 Allard et al., , 2008 .
One of the striking observations is that Cl also seems to be significantly removed from the melt, whereas it remains dissolved until very low pressure during closed-system magma ascent (Fig. 9b) . Degassed magma drains back into the conduit and recycling could explain the low Cl concentrations. However, S should also be depleted in the melt, which is not the case as high S contents up to 730^950 ppm are measured for the same inclusions (Fig. 9a) . More broadly, the solubility of Cl depends on the melt composition, water content and pressure, with opposite effects of pressure and crystallization upon cooling (Webster et al., 1999; Aiuppa et al., 2009a) . At Stromboli, the efficient shift of melt composition from basalt to shoshonite may affect the Cl solubility whereas the [(Al þ Na þ Ca þ Mg)/Si] molar ratio in the melt declines from 0·70 to 0·49. Alternatively, Cl depletion in the more Si-rich shoshonite is possibly accounted for by its efficient partitioning into an H 2 O-rich vapor (e.g. Webster et al., 1999; Alletti et al., 2009) . The X H2O in the vapor phase is 0·3^0·5 mol %, within the 100^50 MPa pressure range (Fig. 7b) . We propose that preferential Cl removal from the shoshonitic melt by uprising CO 2^H2 O-bearing gas bubbles within this pressure range is a suitable process to account for excessive Cl degassing at Stromboli. This suggests a rather high pressure of Cl exsolution during refilling episodes of the shallow ( 4 km) plumbing system. Following this line of reasoning, Stromboli basaltic magma is probably strongly degassed with respect to Cl (and S) prior to ascending through the shallow dike-like system (Chouet et al., 2008) where gas bubble percolation prevails (Burton et al., 2007b) .
Inference on the plumbing system and volcanic activity
We propose here an interpretative model of the plumbing system of Stromboli (Fig. 10) by combining the melt saturation pressures retrieved from the CO 2 and H 2 O contents of melt inclusions, olivine textures and the new and previous mineralogical data.
The pressures calculated using the Papale et al. (2006) model confirm the presence of a magma ponding zone extending vertically from 7 to 10 km, in accordance with previous findings and available experimental petrology (Di Carlo et al., 2006) . This deep system is refilled either directly by Ca-basalts as illustrated during large-scale paroxysms or by magmas whose compositions possibly span a range from Ca-basalt to slightly more evolved basalts, depending of the magma recharge rates. System reloading with magma and CO 2 -rich gas promotes the development of bubble plumes (Philips & Woods, 2001 ) and the formation of low-density LP basalt blobs, coexisting with variable proportions of CO 2 -rich Pressure (MPa) Fig. 9 . Pressure-related evolution of S (a) and Cl (b) in sealed melt inclusions and unsealed embayments hosted in olivines and glassy matrices of Stromboli pumice and scoria samples. Sulfur is exsolved from the basaltic melt into the gas phase at $170 MPa. A noteworthy feature is the contrasting behavior of Cl during closed-system ascent and decompression of LP basalt (no crystallization) with respect to conditions of much slower magma motion (steady-state conditions) and basalt crystallization (see text for discussion). Symbols as in Fig. 6 gas, which are able to move up, intrude and refill the shallow system. Efficient crystallization of LP basalts would be enhanced by CO 2 fluxing, inducing water loss in the depth interval between 54 and 2 km (below the vents).
We thus highlight here a complex structural transition from the deep (7^10 km) to the shallow (2^4 km) magma storage systems, possibly related to the cumulative body or crystal mush that was built up beneath Stromboli during its past and present-day history (e.g. Francalanci et al., 2004 Francalanci et al., , 2005 . The existence of this body is evidenced by the presence of inherited crystals (xenocrysts), recording complex zoning and dissolution surfaces related to repeated interactions with the ascending LP magma, which are systematically found in pumices (e.g. Bertagnini et al., 2003; Francalanci et al., 2004 Francalanci et al., , 2005 . This body or mush, to which is contributed the recycled, degassed HP basalt, possibly acts as a filter press. This interpretation accounts for (1) the efficiency of CO 2 -rich gas to drive, in open conduit conditions, the LP magma to extensively crystallize within the shallow plumbing system roots, and (2) the small size in pumice of olivine and clinopyroxene, which cluster at $0·5^0·8 mm. . The geometry of the conduits within the uppermost 1kmçimaged as two complex dike systems underlying the summit craters with a sharp change in fracture dip at 80 and 280 m, respectively, below sea level (Chouet et al., 2008) çis oversimplified. LP and HP basalts refer to low-and high-porphyritic magmas, respectively, according to Francalanci et al. (2004) .
Moreover, we provide new constraints on the triggering mechanisms of the large-to small-scale paroxysms, given that the persistent activity and the sustained flux of gas at Stromboli imply a continuous (or discontinous, but permanent) refilling of the deep plumbing system. The occurrence of deep recharges of magma with either its own gas phase or deeper-derived CO 2 , and the development of a bubbly layer, leads us to propose that paroxysms are triggered by overpressure in the storage zone lying at 7^10 km depth. The variable energy of the paroxysms is regarded as a response to different rates of magma and gas reloading and system pressurization, which in turn controls the volume of the gas and magma discharged from the deep ponding zone. Magma withdrawal through lava outpouring in the summit zone (i.e. 2003 and 2007 effusive crises) possibly amplifies the effect of decompression but is not a condition required for paroxysmal eruptions regardless of their magnitude. This conclusion is further supported by the observation that paroxysms are not systematically preceded by effusive activity (Bertagnini et al., 2008) . Finally, we stress that the gradual increase of the number of explosion quakes, the tremor amplitude (Ripepe et al., 2009) , and the CO 2 /SO 2 ratio in the gas plume (Aiuppa et al., 2009b) recorded prior to the 15 March 2007 paroxysm are most probably the direct consequences of the pressurization of the deep system.
C O N C L U S I O N S
Our new observations on the textures and compositions of both olivines and their melt inclusions in basaltic pumice and scoria of Stromboli shed light on the conditions of magma storage, crystallization, degassing and extrusion. The Stromboli plumbing system can be regarded as a succession of magma ponding zones connected by dikes. The 7^10 km depth interval, at which magmas are stored and differentiate, is periodically recharged by new magma batches, possibly ranging from Ca-basalt to basalt in composition, with a CO 2 -rich gas phase.
The transition from the LP basalts towards HP, plagioclase-bearing basalts is well-defined and based upon a combination of several features: (1) arrival of magma of deep derivation with a gas phase that promotes the formation of bubbly LP basalt blobs; (2) the existence of a filter press (i.e. cumulative body or crystal mush) through which the bubbly blobs travel prior to intruding the roots of the shallow system ($4^2 km); (3) the ability of the CO 2 -rich gas to drive the LP basalt towards the domain of plagioclase crystallization in response to H 2 O loss, promoting extensive crystallization and the generation of HP magma; (4) the low magma extrusion rate.
The eruptive dynamics of the paroxysms are controlled by uprising of magma that essentially remains in equilibrium with its gas (prevalent closed-system conditions) as opposed to open-system strombolian activity dominated by slower magma ascent rates and differential transfer of gas bubbles. We emphasize that the triggering mechanisms of the paroxysmal eruptions probably reflect a subtle interplay between magma supply rate, residence time and the viscoelastic response of the deep reservoir system in accordance with larger time spans between the largest explosive events.
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